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SUMMARY 

A f i r s t - o r d e r  e v a l u a t i o n  of t h e  aerodynamic performance o f  p rope l  1 e r s  

u t i l i z i n g  c i r c u l a t i o n  c o n t r o l  (CC) i n  p l a c e  o f  v a r i a b l e  p i t c h  has been made. 

The concept i s  t o  p r o v i d e  t h e  necessary changes i n  p r o p e l l e r  t h r u s t  th rough 

c o n t r o l  l e d  t a n g e n t i a l  b lowing near a b l u n t  t r a i l i n g  edge (Coanda e f f e c t )  

r a t h e r  than through changes i n  p r o p e l l e r  b l a d e  angle.  

c o m p a t i b i l i t y  of CC p r o p e l l e r s  w i t h  t h e  performance c h a r a c t e r i s t i c s  and 

requi rements of a 1,600 kg (3600 l b )  s ing le -eng ine  v a r i a b l e - p i t c h  p r o p e l l e r  

genera l  a v i a t i o n  a i r p l a n e  was evaluated. 

The aerodynamic 

The i n i t i a l  r e s u l t s  w i t h  e l l i p t i c a l - s h a p e d  CC a i r f o i l s  i n d i c a t e d  t h a t  

t h e  f e a s i b i l i t y  of a p p l i c a t i o n  t o  f i x e d - p i t c h  p r o p e l l e r s  was d o u b t f u l  f o r  

t h e  c l a s s  of  a i r p l a n e  i n v e s t i g a t e d  ( c r u i s e  speed of about 300 km/hr) and 

improbable f o r  h igher-speed a i r p l a n e s .  Supplemental da ta  f o r  a cambered 

c i r c u l a t i o n - c o n t r o l  s u p e r c r i t i c a l  a i r f o i l ,  which became a v a i l a b l e  a f t e r  com- 

p l e t i o n  of  t h e  i n i t i a l  eva lua t ion ,  were subsequent ly analyzed and a r e  

i n c l u d e d  i n  t h e  Addendum t o  t h i s  r e p o r t .  

namic c h a r a c t e r i s t i c s  o f  t h e  C C - s u p e r c r i t i c a l  a i r f o i l ,  e l i m i n a t i o n  o f  

v a r i a b l e  p i t c h  appears aerodynamical ly f e a s i b l e  f o r  low-speed a i r p l a n e s  

th rough t h e  use o f  a moderate amount of upper-sur face b lowing  near t h e  t r a i l -  

i n g  edge d u r i n g  c r u i s e .  O v e r a l l  f e a s i b i l i t y  depends upon r e s u l t s  o f  s t r u c -  

t u r a l  and systems-type analyses. 

W i t h  t h e  much s u p e r i o r  aerody- 

I 



INTRODUCTION 
----.___ 

A j e t  of a i r  blown tangentialy over the upper surface of an  a i r fo i l  near 

a deliberately rounded t r a i l i ng  edge produces increased l i f t  a t  a fixed geo- 

metric angle of a t t a c k .  

around the a i r f o i l ,  results from the ab i l i t y  of  the blown j e t  to  remain attached 

t o  a convex curved surface t h r o u g h  considerable deflection angles, the well- 

known Coanda ef fec t .  Circulation control ( C C )  a i r f o i l s ,  as these blunt-based 

blown a i r fo i l s  are known, have been considered for  various applications, e ,g .  , 

V/STOL a i r c r a f t  wings, helicopter rotors,  submarine s te rn  planes, and l i f t i n g  

fans for  surface-effect ships. 

This phenomenon of increased l i f t ,  o r  circulation 

A suggestion has been made t h a t  perhaps fuel consumption and/or total  

l i f e  cost advantages would accrue f o r  some general aviation airplanes with 

the application of CC a i r f o i l s  t o  propellers in place of variable propeller- 

pitch mechanisms. 

airplane speed range could be obtained with a constant-pitch CC propeller by 

changes i n  blown-jet mass flow rate  rather t h a n  by changes in propeller blade 

angle. A prudent approach towards determination of the overall f ea s ib i l i t y  

of this  concept appeared t o  be t o  determine f i r s t  the aerodynamic compatibility 

o f  a CC propel l e r  with ai r p l  ane performance requi rements before undertaki ng 

any detailed aerodynamic, s t ruc tura l ,  and  systems design of a CC propeller, 

The requi red changes in propel 1 e r  thrust  through the 

4 
The results o f  a f i rs t -order  aerodynamic analysis are covered in th i s  report. 

Included are selection of  a candidate CC 

on review and analysis o f  d a t a  available 

o f  simplified relationships required f o r  

a i  rfoi  1 for  propeller application based rc 

in the CC-airfoil l i t e r a tu re ,  derivation 

application of CC a i r f o i l s  to propellers,  



*’ 
I 
i y  

estimates of CC-propeller aerodynamic character is t ics  as applied to  a selected 

general aviation airplane, and aerodynamic comparison o f  CC propellers w i t h  

t h a t  o f  the variable-pitch propeller instal led on the selected airplane.  

4 
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SYMBOLS AND COEFFICIENTS 

a 

A 

B 

b 

cD 

cL 

C 

CdT 

cL 

C 
1-1 

cP 

dT 

dj 

dPe 

dW 

D 

4 

speed o f  sound, m/s ( f t / s e c )  

area, m2 ( f t 2 )  

number o f  p r o p e l l e r  b lades 

b lade  element chord l e n g t h ,  m ( f t )  

a i r p l a n e  drag c o e f f i c i e n t ,  D 

cL sw 

a i r p l a n e  l i f t  c o e f f i c i e n t ,  L 

cL sw 

a i r f o i l  chord l eng th ,  m ( f t )  

a i r f o i l  t o t a l  drag c o e f f i c i e n t ,  dT 
% S  

a i r f o i l  o r  b lade  element l i f t  c o e f f i c i e n t ,  1 
% S  

ni. v 

% S  
momentum c o e f f i c i e n t ,  J j 

p r o p e l l e r  power c o e f f i c i e n t ,  -- P and s p e c i f i c  h e a t  a t  
p, n3 D S  

cons tan t  pressure,  m2/sec2 OK ( f t 2 / s e c 2  OR) 

propel  1 e r  t h r u s t  c o e f f i c i e n t  , T 

p, n2  D4 

a i r f o i l  t o t a l  drag, N ( l b )  = dw + d .  + d 

j e t  drag, N ( l b )  

J Pe 

drag  equ iva len t  of b lowing  power, N ( l b )  

wake drag, N ( l b )  

p r o p e l l e r  d iameter,  m ( f t )  and a i r p l a n e  drag, N ( l b )  



E 

f 

F 

h 

H 

HP 

J 

L 

L 

m 

pT  

q 

Q 

QC 

r 

R 

RC 

to ta l  energy, N-m ( l b - f t )  

blade element d r a g  force, N ( l b )  

force, N ( l b )  

a l t i tude ,  km ( f t )  and blowing s l o t  height, mm (inches) 

t o t a l  pressure, N/m2 ( l b / f t 2 )  
550 f t - l b s  horsepower, 746 watts ( 

propel 1 e r  advance r a t i o  , 
nD 

a i r fo i l  o r  blade element l i f t ,  N ( l b )  

airplane l i f t ,  N ( l b )  

mass, kg (s lug)  

mass flow, kg/sec (slugs/sec) 

Mach number 

propeller rotational speed, rev/sec 
f t-1 bs 

s t a t i c  pressure, N/m2 ( l b / f t 2 )  and power, watts ( ) 

total  pressure, N/m2 ( l b / f t 2 )  

dynamic pressure, N/m2 (1  b / f t 2 )  

quant i ty  f low,  m3/sec ( f t3 / sec )  and propeller torque, N-rn ( f t - l b )  

propeller radius a t  a blade element, rn ( f t )  

propeller radius a t  propeller t i p ,  rn ( f t )  and resul tant  force 

on propeller blade element, N ( l b )  and  gas constant, rn2/sec2 OK 

( f t2 / sec2  OR) 

Reynolds number based on a i r f o i l  chord, "00 

kl 

5 



S 

sW 

T 

TC 

v ,  v 
w 
X 

oc 
fi 

Y 

rl 

IJ 

P 

6 

a i r fo i l  reference area,  c x 1, m2 ( f t 2 )  

airplane w i n g  reference area,  m2 ( f t 2 )  

s t a t i c  temperature, OK (OR) and propeller thrust, N ( l b )  

m ( f t )  CL b cos ( +  + r )  
s in2  cos y 

velocity, m/sec ( f t / s ec )  

ai rpl ane gross weight, kg ( 1 b )  

re lat ive free-stream direction and  distance along a i r fo i l  

chord from leading edge, m ( f t )  

a i r fo i l  or blade element angle o f  attack, deg 

see Figure 7 

see Figure 7 and  r a t i o  of specif ic  heats 

propeller efficiency, 

viscosity, N sec/m2 ( l b  s e c / f t 2 )  

density, kg /m3  ( s lugs / f t3 )  

.see Figure 7 
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Subscripts 

a ve 

ava i  1 

comp 

j 

ma x 

n 

r 

rake 

reqd 

W 

X 

.75R 

a, 

average 

avai  1 ab1 e 

compressor 

j e t  

maximum 

loca l  condition 

relative t o  blade element 

as measured by downstream instrumentation 

required 

wake 

re1 a t i  ve f ree-s tream d i  rec t i  on 

blade element a t  75-percent t i p  radius 

free stream or  arnbient 

7 



RESULTS AND DISCUSSION 

CC Airfoil Selection 

The most complete ser ies  of experimental data on circulation control 

( C C )  a i r f o i l s  with potential f o r  application t o  airplane propellers has been 

obtained by the David W .  Taylor Naval Ship Research a n d  Development Center 

( N S R D C ) .  These d a t a  were obtained principally fo r  a i r f o i l s  with e l l i p t i ca l  

shapes and el l ipses  with modified trailing-edge shapes. Most of the d a t a  

were obtained a t  low subsonic speeds with a limited amount of information a t  

high subsonic speeds. 

total  head tubes behind the a i r fo i l  and included the momentum o f  the a i r  

ejected from the tangential s lo t .  

Airfoil drag measurements were made with a rake of 

The experimental da t a  available on CC e l l ipses  and modified e l l ipses  

T h e  15 - include thicknesses o f  10 -, 15 -, 20 -, and 30 -percent chord. 

percent thick a i r fo i l  was considered fo r  application t o  a propeller to main- 

tain suff ic ient  thickness for  structural  and  a i r  ducting purposes and  t o  

permit a sufficiently blunt t ra i l ing  edge t o  yield good Coanda turning. 

A t  the same time, adverse compressibility effects  t h a t  would occur a t  the 

h igh  subsonic propeller t i p  speeds are  limited. 

available for  various 15 - percent chord thick sections t h a n  fo r  the other 

sections. 

from reference 1 fo r  a ''pure'' e l l i p se  a n d  a "rounded" e l l i p se  and from u n -  

published d a t a  obtained from the a u t h o r  of reference 1 for  a "modified" 

e l l ipse  with a trailing-edge radius larger t h a n  for  the "rounded" e l l  ipse. 

Furthermore, more d a t a  were 

The basic d a t a  used for  the current f eas ib i l i t y  study were obtained 
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Drawings of  t h e  t h r e e  c o n f i g u r a t i o n s  t e s t e d  a r e  presented i n  F i g u r e  1. 

f o r  a 0.25 mm (0.01 i n c h )  h i g h  j e t  s l o t ,  t h e  optimum c o n f i g u r a t i o n  t e s t e d ,  

were used. 

Data 

The s l o t  was l o c a t e d  a t  96-percent  chord  f o r  t h e  rounded and 

m o d i f i e d  e l l i p s e s  and s l i g h t l y  forward (92.4-percent  chord) f o r  t h e  p u r e  

e l l  i p s e  due t o  -a  s l i g h t l y  l o n g e r  chord ( c o n s t a n t  x p o s i t i o n  o f  s l o t ) .  

Reference 1 i n d i c a t e s  t h a t  b o t h  maximum l i f t  c o e f f i c i e n t  and l i f t  t o  drag 

r a t i o  through a l a r g e  range o f  angle of a t t a c k  a r e  g r e a t e r  f o r  t h e  rounded 

e l l i p s e  than f o r  t h e  pure  e l l i p s e .  

NSRDC on t h e  m o d i f i e d  e l l i p s e  i n d i c a t e d  even h i g h e r  l i f t - d r a g  r a t i o s  a t  

l a r g e  va lues of  cL b u t  lower  l i f t - d r a g  r a t i o s  than f o r  t h e  rounded e l l i p s e  

a t  va lues o f  c 

The supplemental da ta  p r o v i d e d  by t h e  

r e q u i r e d  f o r  p r o p e l l e r  s e c t i o n s .  1 
The b a s i c  drag c o e f f i c i e n t s  presented by t h e  NSRDC represented t h e  

measured rake  drag c o e f f i c i e n t s  w i t h  a j e t  momentum f l o w  " c o r r e c t i o n " ,  i .e., 
\I 

m 
) .  I n  t h e  a p p l i c a t i o n  o f  a blown a i r f o i l  t o  an a i r p l a n e  

r a  kc 'd 

p r o p e l l e r ,  t h e  power r e q u i r e d  t o  b low t h e  a i r  must be accounted f o r  and can 

be charged e i t h e r  t o  t h e  power source ( i n  t h i s  case t h e  p r o p u l s i o n  engine)  

o r  t h e  a i r f o i l  i t s e l f .  

aerodynamic c h a r a c t e r i s t i c s  o f  CC a i r  f o i l s  as w e l l  as t h a t  of CC a i r f o i l s  

w i t h  unblown a i r f o i l s ,  t h e  l a t t e r  approach was se lec ted ,  i .e . ,  t h e  ' 'cor rected ' '  

r a k e  drag c o e f f i c i e n t s  were conver ted t o  drag c o e f f i c i e n t s  t h a t  i n c l u d e  t h e  

To p r o v i d e  a more r e a l i s t i c  comparison o f  t h e  

drag e q u i v a l e n t  o f  t h e  b lowing  power requ i red ,  as d e r i v e d  i n  Appendix A. 

The a i r f o i l  t o t a l  drag c o e f f i c i e n t ,  d e r i v e d  i n  Appendix A ,  i s :  

c = C d  + 2  dT rake  

9 



Therefore,  c dT - - [ C  drake - C v (‘$1 v j  + 1 .5  cp($)+& cd 
A f u r t h e r  comparison of  t h e  rounded and m o d i f i e d  e l l i p s e s  was made a f t e r  con- 

v e r s i o n  o f  t h e  b a s i c  drag da ta  t o  the  t o t a l  drag c o e f f i c i e n t ,  These r e s u l t s  

are presented i n  F igures 2 and 3 f o r  t h e  rounded and mod i f ied  e l l i p s e s ,  r e s -  

p e c t i v e l y .  

For b o t h  o f  these CC a i r f o i l s  , t h e  data presented were ob ta ined a t  a chord  
6 Reynolds number Rc o f  about 0.5 x 10 w i t h  smooth a i r f o i l  surfaces. 

Reynolds number and smooth sur faces  p e r m i t t e d  t h e  p o s s i b l e  a t t a i n m e n t  of  some 

laminar  f l o w ,  depending upon t h e  tu rbu lence l e v e l  o f  t h e  w ind  tunne l ,  The 

values o f  ( t / d ) m a x  ob ta ined were f rom 38 t o  41. Wi th  f u l l y  t u r b u l e n t  f l o w ,  

the  values o f  (L/d)max would b e  lower ,  even a t  cons iderab ly  l a r g e r  Reynolds 

numbers. For comparison, t h e  drag p o l a r  f o r  an unblown NACA 652 - 015 a i r f o i l  

( r e f e r e n c e  2 )  a t  a chord Reynolds number o f  6 x 10 w i t h  f u l l y  t u r b u l e n t  f l o w  

o v e r  b o t h  surfaces i s  p l o t t e d  i n  F i g u r e  3 .  Th is  15-percent  chord t h i c k  

unblown a i r f o i l  was s e l e c t e d  r a t h e r  than t h e  NACA 0012 (12-percent  chord t h i c k )  

a i r f o i l  p r e v i o u s l y  used i n  t h e  l i t e r a t u r e  f o r  comparison i n  o r d e r  t o  a v o i d  t h e  

e f f e c t s  o f  a d i f f e r e n c e  i n  th ickness  r a t i o .  

The low 

6 

The va lue  o f  (L/d)max f o r  t h e  

t u r b u l e n t  unblown a i r f o i l  i s  50. 

re fe rence 2 i n d i c a t e s  a va lue  o f  (!/d)max g r e a t e r  than 90. 

care  must be taken i n  comparisons of  a i r f o i l s  t o  account  f o r  d i f ferences i n  

p o s i t i o n  of  boundary- layer  t r a n s i t i o n  and i n  Reynolds number. 

For smooth sur faces  a t  t h e  same Rc o f  6 x 10’. 

I t  i s  apparent  t h a t  

F i g u r e  3 a l s o  

10 



i n d i c a t e s  t h a t  a t  a l l  l i f t  c o e f f i c i e n t s  l o w e r  than cL max of  t h e  unblown a i r f o i l ,  

t h e  unblown a i r f o i l  has g r e a t e r  aerodynamic e f f i c i e n c y  (L/d)  than t h e  CC a i r f o i l s .  

Th is  i s  expected because o f  t h e  increased base drag o f  t h e  b l u n t e r  t r a i l i n g -  

edge CC a i r f o i l  a t  low b lowing  c o e f f i c i e n t s  and an i n c r e a s e  i n  blowing-power 

drag w i t h  inc reased b lowing .  

inc rease c 

The advantage o f  c i r c u l a t i o n  c o n t r o l  i s  t o  

t o  values g r e a t e r  than a t t a i n a b l e  w i t h  unblown a i r f o i l s  o r  t o  L max 

p r o v i d e  v a r i a t i o n s  i n  l i f t  c o e f f i c i e n t  a t  a cons tan t  angle o f  a t t a c k ,  as 

d e s i r e d  f o r  a f i x e d - p i t c h  p r o p e l l e r .  

be ob ta ined w i t h  a p e n a l t y  i n  aerodynamic e f f i c i e n c y  a t  t h e  low t o  moderate 

values of  l i f t  c o e f f i c i e n t  r e q u i r e d  f o r  p r o p e l l e r  s e c t i o n s .  

The l a t t e r  advantage, however, can o n l y  

A comparison o f  t h e  rounded and m o d i f i e d  e l l i p t i c a l  a i r f o i l s  a t  t h e  l o w e r  

values of cl i n d i c a t e  a smal l  aerodynamic e f f i c i e n c y  advantage o f  t h e  rounded 

e l l i p s e  as compared w i t h  the  m o d i f i e d  e l l i p s e .  

because t h e  rounder-based "modi f ied"  shape produces h i g h e r  d rag  a t  t h e  low 

va lues o f  c r e q u i r e d .  For  o t h e r  a p p l i c a t i o n s  r e q u i r i n g  l a r g e r  l i f t ,  t h e  

"modi f i  ed" shape woul d p robab ly  be s u p e r i o r .  

se lec ted ,  t h e r e f o r e ,  f o r  f u r t h e r  a n a l y s i s  i n  a p r o p e l l e r .  The aerodynamic 

c h a r a c t e r i s t i c s  of  t h e  15-percent chord t h i c k  rounded e l l i p s e  used i n  t h e  

p r o p e l l e r  a n a l y s i s  a r e  presented as a f u n c t i o n  o f  a i r f o i l  ang le  o f  a t t a c k ,  

through t h e  t e s t  range o f  mass-flow c o e f f i c i e n t ,  i n  F igures 4, 5, and 6.  

T h i s  a l s o  i s  t o  be expected 

P 
The "rounded" e l  1 i p s e  was 

CC A i  r f o i  1 Appl i c a t i o n  t o  Propel  1 e r  

The design of  an e f f i c i e n t  a i r c r a f t  p r o p e l l e r  i s  a compl ica ted  procedure 

i n v o l v i n g  many v a r i a b l e s .  Although an e x t e n s i v e  data base and u s u a l l y  pro-  

p r i  e t a r y  computer programs have been devel  oped o v e r  t h e  years  f o r  p r o p e l  1 e r  
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design, i n t r o d u c t i o n  of t h e  a d d i t i o n a l  b lowing  c o e f f i c i e n t  v a r i a b l e  c f u r t h e r  

compl i c a t e s  a n a l y s i s  of p rope l  l e r s  w i t h  c i r c u l a t i o n  c o n t r o l  s e c t i o n s .  A t r i a l  

and e r r o r  procedure w i t h  s i m p l i f y i n g  assumptions was used, t h e r e f o r e ,  t o  o b t a i n  

a f i r s t - o r d e r  i n d i c a t i o n  of CC p r o p e l l e r  performance. 

were o p t i m i s t i c  t o  n o t  unduly  j e o p a r d i z e  t h e  p o s s i b l e  f e a s i b i l i t y  o f  CC 

propel  1 e r s  . 
D e r i v a t i o n  o f  p r o p e l l e r  aerodynamic r e l a t i o n s h i p s .  - F o r  those u n f a m i l i a r  

w i t h  t h e  aerodynamics o f  p r o p e l l e r s ,  the  f o l l o w i n g  r e v i e w  o f  t h e  aerodynamic 

r e l a t i o n s h i p s  invo lved,  accord ing  t o  t h e  s imp le  p r o p e l l e r  b l a d e  element theory ,  

should be b e n e f i c i a l .  I n  t h e  s imp le  b l a d e  element theory ,  t h e  aerodynamic 

f o r c e s  on elementary s t r i p s  o f  t h e  p r o p e l l e r  a r e  considered and t h e  f o r c e s  

on t h e  elements a re  then added t o  o b t a i n  t h r u s t  and to rque f o r  t h e  whole 

p r o p e l l e r .  Each element o f  t h e  p r o p e l l e r  f o l l o w s  a h e l i c a l  p a t h  and can 

be t r e a t e d  as  a s e c t i o n  o f  a wing, i . e . ,  two-dimensional wing s e c t i o n  or 

a i r f o i l .  The simple blade-element theory  ignores  t h e  induced i n f l o w  and 

s w i r l  v e l o c i t i e s  i n  t h e  p lane o f  t h e  p r o p e l l e r  which must he ccns idered i n  

d e t e r m i n a t i o n  o f  t h e  aerodynamic c o e f f i c i e n t s .  However, i n  t h e  comparison 

o f  t h e  C C  a i r f o i l s  w i t h  convent iona l  a i r f o i l s  t o  produce l i k e  power a b s o r p t i o n  

and t h r u s t ,  d i s r e g a r d i n g  t h e  induced v e l o c i t i e s  w i l l  produce second-order 

e r r o r s .  

geometr ic r e l a t i o n s h i p s  i n v o l v e d .  

t a n g e n t i a l  v e l o c i t y  o f  t h e  p r o p e l l e r  element i n  t h e  p r o p e l l e r  p l a n e  i s  2 IT rn, 

where n i s  t h e  p r o p e l l e r  r o t a t i o n a l  speed ( r p s ) ,  and t h e  r e s u l t a n t  v e l o c i t y  

o f  t h e  element w i t h  r e s p e c t  t o  t h e  a i r  i s  V r .  

lJ 

The assumptions used 

For  t h e  s imp le  theory,  F i g u r e  7 p resents  t h e  f o r c e s ,  v e l o c i t i e s ,  and 

The a i r c r a f t  fo rward  v e l o c i t y  i s  Vm, t h e  

The ang le  between t h e  d i r e c t i o n  
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of  element motion and the pldne o f  r o t a t i o n  i s  4 ,  the geometric angle between 

the blade element and  the plane o f  rotation i s  6 ,  the blade angle, and  the 

aerodynamic angle of  attack of  the element re lc t ive t o  the a i r  i s  k =  f3 - 4 .  
d d  y = tan-’ (n ) 

TT nD 

!, p, V: cL b d r  cos ($  + y) 
dT = dR COS ( 4  + y) = cos y 

Vcn v =  r sin $ 

15 P, v, * ce b d r  cos ( 4  + y )  
dT = 

sin2 4 cos y 

dT = q, Tc dr 

T = q, B ioR Tc d r  where B = number o f  blades 

d f  = dR sin ( 4  + y) 

cL b d r  s in  ( $  + y) r % P, V r  2 

dQ = r d f  = r dR s in  ( @  + y) = - cos y 
cl b r sin ( $  + y) 

Let Qc = 
s in2  4 cos y 

dQ = q, 0, d r  
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Horsepower absorbed by propeller or torque horsepower: 

"a3 

' 1 ' 2 r n ~  

Although blade width, angle, and  a i r fo i l  vary along a propeller, the 

blade element a t  3/4 of the t i p  radius i s  usually representative of the total  

propeller. 

function of the propeller radius i s  usually very similar fo r  most propellers. 

The variations of Tc a n d  Qc presented in Figure 8 were used, therefore, fo r  

the CC propeller analysis with the section character is t ics  of Figures 4 and 5 

applied a t  0.75R. 

The variation of the coefficient Tc and  the coefficient Qc as a 

As previously derived, T = ab, B 1 Tc d r  and 

Q = q, B 1 Q, dr a n d  integration of the curves of Figure 8 yields - 
- - I C  .75R and  

1.835 T = % B T c  R and  Q = s, B Qc R where Tc 
ave ave ave 

- - Qc'75R I n  addition, a value of  propeller chord length b a t  0.75R 1.853 * ave QC 

equal t o  0.062 D was used. 

Characteristics of selected general aviation airplane.  - A single-engine vari-  

able-pitch propeller general aviation airplane (reference 3) was selected f o r  

application of a fixed-pitch C C  propeller. 

i s  presented as Figure 9 and the geometry i s  tabulated in Table I .  Airplane 

A three-view drawing of the airplane 

d r a g  polars (reference 4 )  fo r  configurations with and without winglets, a re  

presented in Figure 10 a n d  the propeller power coefficient a n d  efficiency 

character is t ics  in Figure 11. 

Figures 1 2  and  13. 

Engine character is t ics  are  presented in 

Figure 14 presents the variation of airplane l i f t  

14 



coefficient CL w i t h  velocity as calculated fo r  a constant airplane gross 

weight of 1600 kg (3600 lb)  for alt i tudes of 3.05 km (10,000 f t )  and sea 

level and the corresponding variation of airplane d r a g  coefficient CD with 

velocity for  the basic airplane without winglets (from Figure l a ) .  Based on 

these d r a g  character is t ics ,  the thrust required fo r  steady unaccelerated f l i gh t  

was calculated for  the same alt i tudes (Figure 15 ) .  Two f l i g h t  conditions were 

selected for  CC propeller calculations a n d  comparisons with the basic airplane 

propeller - 82.3 m/sec (270 f t / sec)  cruise a t  3.05 km (10,000 f t )  a l t i t ude  

and 38.1 m/sec (125  f t / sec)  steady-state f l i g h t  a t  sea level .  

CC propeller calculations and  comparisons. - The approach taken was t o  assume 

the thrust  and torque gradinq curves of Figure 8 for  b o t h  the CC and basic 

airplane propellers. For the selected cruise f l i g h t  condition, determine 

for  the basic airplane from the thrust-required curve .75R the required Tc 

of Figure 15 and the previously derived equations. Through a t r i a l  and error  

procedure, determine a CC propel1 e r  configuration t h a t  provi des the required 

thrust a t  cruise in terms of T c . 7 5 R  a n d  then determine the equivalent horse- 

power required (including the incompressible blowing power). When a match 

i s  obtained a t  cruise,  calculate the airplane performance a t  the low-speed 

low-altitude steady-state f l i g h t  condition with the CC propeller blade pitch 

the same as determined for  cruise. Additional calculations and comparisons , 

t o  be discussed l a t e r ,  were then made. 

For the sake of brevity, only a suf f ic ien t  number of the calculations 

made t o  indicate important trends and  conclusions are  presented. 

CC propeller geometry analyzed had the same diameter, 2.13 m ( 7  f t )  as  the 

The i n i t i a l  
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basic propeller. 

pitch angle B of 20' a t  the recommended cruise rprn of 2500, required thrus t ,  

as indicated by the value of T c  .75R for the basic airplane,  i s  unattainable 

with the engine power available. 

decrease the power required through operation a t  a resul tant  4 nearer maximum 

efficiency (Figure 6) ,  the fixed-pitch requirement l imits  the allowable B t o  

a value for  which the low-speed OC does n o t  exceed some acceptable value. 

Lines 4 and 5 of Table I 1  indicate t h a t  a B a s  large as the assumed value 

of 20' resul ts  in a value of L a t  38.1 m/sec (125 f t / s ec )  of greater t h a n  9' 

Lines 2 and 3 of Table I1  indicate t h a t  w i t h  a propeller 

Y 

Although an increase i n  B a t  cruise will - 

ab1 e which i s  n o t  only greater t h a n  the value for  which CC-a 

b u t  also i s  equal t o  or greater t h a n  the UC fo r  a i r f o i l  

reference 2 ) .  The d. a t  low speed was then a rb i t r a r i l y  

r fo i l  d a t a  are  avai 

s t a l l  (Figure 4 and 

limited t o  6' and 

the corresponding With this value of B ,  

l ines  7 and 8 of Table I 1  indicate t h a t  required thrust  a t  c.i*liise can s t i l l  

determined ( l i n e  6 of Table 11). 

n o t  be attained within the power available.  

t o  reduce the power required t h r o u g h  reductions in propeller diameter. 

Calculations were made for  diameters of 2.04, 1.98, 1.83 m ( 6 . 7 ,  6 . 5 ,  and  6 f t ) .  

For the 1.83 m ( 6  f t )  diameter case, resul ts  o f  which are  also presented in 

Table 11, the low-speed f l i g h t  condition was investigated f i r s t ;  a maximum angle 

of attack of 6' was imposed again t o  avoid s t a l l  and t o  remain within the range 

of available d a t a .  

t h a t  the resultant fixed B will yield a n d  a t  cruise  speed a minimum amount 

lower t h a n  t h e &  f o r  maximum t / d  (Figure 6 ) .  With the resultant value of f3 

of 17.1' ( l i ne  9) ,  cruise thrust  was obtained a t  2500 rpm ( l i n e  13) b u t  s t i l l  

An attempt, therefore, was made 

As large a n &  as possible i s  desired a t  low speeds so 

4 

c 



Y 

a t  greater t h a n  available power. Because l ine  10 indicates tha t ,  with the 

imposed limiting value of d of 6O,  considerable thrust  i s  available a t  low 

speed for  climb and acceleration a t  less  than available power, the blade 

angle B and ,  therefore, d was increased by 2'. 

resulted in a reduction in power required a t  cruise thrust ( l ines  15 and 16) 

t o  almost t h a t  available. 

conditions would  be expected to  yield a match for  the CC propeller b u t  were 

n o t  pursued further because the remaining discrepancy between the power required 

and power available i s  considered of small significance fo r  the f i rs t -order  

approx i  ma t i  on used. 

A t  cruise,  the increased 6 

Further refinements i n  propeller geometry and 

More t h a n  enough thrust  i s  available fo r  steady-state low-speed f l i g h t  

without blowing a t  maximum rpm and within the engine power available ( l i n e  17, 

as obtained by extrapolation of CC-airfoil d a t a  t o  CL = 8'). 

therefore, can provide additional thrust  for  climb and acceleration. T h e  ra t io  

Use of blowing 

o f  thrust  available t o  thrust  required f o r  steady-state f l i g h t  a t  maximum rpm 

and power a t  sea level was calculated t o  be a b o u t  2 .9 .  

( 6  f t )  diameter CC-propeller T 

.75R 
the required T 

was calculated t o  be 2.7, as follows: 

D = 2.13m ( 7  f t ) ,  n = 2700 rpm, h = 0 km ( f t ) ,  V, = 38.1 m/sec (125 f t / s ec )  

(Compare the 1.83 m 

of l i n e  18 a t  about maximum power w i t h  
.75R 

.) The thrust ra t io  available fo r  the basic airplane 

'a va 

c =  
P 

= 285 HP, W = 1600 kg (3600 l b )  1 

( H P )  (550) 
p, n 3  D5 
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T 
p, n 2  D4 

c =  T 

a3 
V 

n D  
J = - -  - 0.40 

= 0.0430 
- (285) (550) 

(.002378) ( 60 2700 1 3  (7 )s  cP - 

From the propeller C vs J curves of Figure 11, r) = 0.745 P 
n C p n D  n C  

- -  - = 0.0801 - 
J 

C - 
Tavai 1 v, 

For s teady-s ta te  f l  i g h t  , Treq I = 1,540 N (347 lb )  . 
I 

= 0.0300 
- - 34 7 ' I CT 

req'd (.002378) ( 6o 2700 ) 2  (7 )4  

- 0.0801 = 2 .7  = avail - 
Tavail cT 

0.0300 
req ' d req I d cT 

A1 t h o u g h  the reduced-diameter C C  propeller will provide comparable climb 

and  acceleration performance as the basic propeller, the blowing required will 

produce an appreciable increase in noise a t  low a l t i tudes  due t o  a high j e t  

exhaust velocity. 

calculation of the propeller relative velocity V r  = -- = 198 m/sec s in  4 

An indication of the j e t  velocity can be obtained from a 
vco 



(648 f t / s e c )  and the experimental d a t a  of Figure 16 t h a t  presents the ful ly-  

expanded j e t  ve loc i ty  a s  a f r ac t ion  o f  the r e l a t i v e  v e l o c i t y  p l o t t e d  a g a i n s t  

c . For the c a t  which  f u l l  power i s  absorbed of  about 0.008 ( l i n e  1 8 ) ,  1-1 lJ 
V .  

the value o f  7 J Z 1.8 w i t h  a r e s u l t a n t  v 
?t j 

Z 355.4 m/sec (1166 f t /sec)  . 

Fuel consumption. - A comparison was maaeof the fuel consumption a t  c r u i s e  

of  the general  a v i a t i o n  a i r p l a n e  w i t h  the b a s i c  p r o p e l l e r  and  w i t h  the 1.83 m 

( 6  f t )  diameter CC p r o p e l l e r .  The fue l  consumption f o r  the b a s i c  p r o p e l l e r  

was obtained as  fol lows:  

, the v a r i a t i o n  of  C and of  'T From Figure 11 and the r e l a t i o n s h i p  C = - 

CT w i t h  rl was obtained and p lo t ted  i n  Figure 1 7 .  
P r l  P 

For c r u i s e  a t  82.3 m/sec 
- - - T (270 f t j s e c )  a t  3.05 krn (10,000 f t ) ,  CT - 

req'd p, n 2  D4 

= 0.0443. 324 
2500 (.001756) ( 60 ) 2  ( 7 ) 4  

( *0443) ( = 0.0476 
.866 = 0.0443, Q = 0.866 from Figure 17 and C = 

P A t  C 
Treq d 

I C p, n3 D5 
= 185 HP P 

550 ' ' Power = 

From Figure 13, the fue l  f l o w  equals 35 k g / h r  ( 7 7  l b / h r )  Z 0.0486 m 3 / h r  

( 12.83 g a l s / h r )  . 

I 

For the CC p r o p e l l e r  a t  the  same f l i g h t  condi t ion ,  the required power 

i s  the maximum a v a i l a b l e ,  188 HP. From Figure 13, the fuel flow equals  
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36.1 kg/hr  (79.5 l b / h r )  Z .050? m3/hr  (13.25 g a l s / h r ) .  

a t  c r u i s e ,  therefore,  i s  about  3.25% g r e a t e r  f o r  t h e  CC p r o p e l l e r  than f o r  t h e  

b a s i c  p r o p e l l e r .  

a t  t h e  c r u i s e  c o n d i t i o n  i s  l e s s  than 0.83 as compared w i t h  t h e  p r e v i o u s l y  

The f u e l  consumption 
, 

h 

As a m a t t e r  of i n t e r e s t ,  t h e  e f f i c i e n c y  o f  t h e  CC p r o p e l l e r  
I - 

determined va lue o f  0.866 f o r  t h e  b a s i c  p r o p e l l e r .  The CC p r o p e l l e r  e f f i c i e n c y  
r 1 1  ' "03 

was obta ined from T-I = where T = q, B Tc and Q = q, B Q 
ave 'ave 

R and, 

"03 

1. a ve t h e r e f o r e ,  = ( ~ 

TC 

) ( 2 T n  Q, 
ave L I 

C o m p r e s s i b i l i t y  e f f e c t s .  - The a i r f o i l s  towards t h e  t i p s  o f  a i r p l a n e  p r o p e l l e r s  

opera te  a t  h i g h  subsonic r e l a t i v e  v e l o c i t i e s .  Some h i g h  subsonic-speed da ta  

ob ta ined on t h e  15 - percent  chord t h i c k  "pure"  e l l i p s e  and "rounded1' e l l i p s e  

a r e  presented in r e f e r e n c e  5. The r e s u l t s  i n d i c a t e  t h a t  a l though t h e  rounded I 

I 

e l l i p s e  se lec ted  f o r  t h e  c u r r e n t  s tudy  had a lower  maximum l i f t - d r a g  r a t i o  

a t  h i g h  subsonic speeds than t h e  pure  e l l i p s e ,  t h e  aerodynamic e f f i c i e n c y  o f  

t h e  pure e l l i p s e  was lower  a t  h i g h  speeds than t h a t  o f  t h e  rounded e l l i p s e  a t  

low speeds. 

a t t r i b u t e d  t o  an inc rease i n  drag w i t h  b l o w i n g  as a p robab le  r e s u l t  o f  j e t  

detachment. I t  i s  apparent  from these r e s u l t s  t h a t ,  a t  l e a s t  f o r  those a i r f o i l s  

i n v e s t i g a t e d ,  the  low-speed da ta  used i n  t h e  c u r r e n t  s tudy a r e  l i k e l y  t o  b e  

o p t i m i s t i c  because o f  t h e  adverse c o m p r e s s i b i l i t y  e f f e c t s .  

i n f o r m a t i o n  i n  re fe rence 6 i n d i c a t e s  t h a t  b l o w i n g  through a choked j e t  e x i t ,  

which w i l l  be the case f o r  t h e  p r o p e l l e r ,  was c l e a r l y  l e s s  e f f e c t i v e  than 

b lowing  through a subsonic e x i t .  

The d e t e r i o r a t i o n  of  a i r f o i l  performance a t  h i g h  speeds was 

Also,  v e r y  l i m i t e d  
P 

c 



L 

I n  a d d i t i o n  t o  these c o m p r e s s i b i l i t y  e f fec ts  on t h e  e x t e r n a l  aerodynamic 

c h a r a c t e r i s t i c s  of t h e  C C  a i r f o i l s ,  i t  must be r e c a l l e d  t h a t  t h e  drag e q u i v a l e n t  

o f  t h e  b lowing  power r e q u i r e d  was c a l c u l a t e d  on t h e  bas i s  o f  incompress ib le  

f l o w  assumptions. 

f l o w  cond i t i ons ,  w i l l  be s i g n i f i c a n t l y  h ighe r  than f o r  incompress ib le  f l o w .  

To p rov ide  an i n d i c a t i o n  o f  t h e  conipressor c h a r a c t e r i s t i c s  r e q u i r e d  t o  pump 

t h e  blown a i r ,  c a l c u l a t i o n s  were made w i t h  compress ib le  f l o w  r e l a t i o n s h i p s ,  

de r i ved  i n  Appendix B y  f o r  c r u i s e  a t  82.3 m/sec (270 f t / s e c )  a t  3.05 km 

(10,000 f t )  a l t i t u d e  w i t h  t h e  recommended engine rpm o f  2500. 

The b lowing  power requ i red ,  when determined f o r  compress ib le  

The bas i c  

parameters used are:  

R = 0.914 m (3  f t ) ,  b.75R = 0.113 ni ( .372 f t ) ,  B = 3 

and q, = 3064 N/m2 (64  l b / f t 2 ) ,  4 = 24.63'. 

j 
V 

- = 3.15 a t  c 1 0.22 f rom l i n e  16 o f  Table I 1  and F i g u r e  16. 
"r v 

Compressor c a p a c i t y  - 

v =  r 
82.3 
s i n  4 = 198 m/sec (648 f t / s e c )  

9, 
v = 622.1 m/sec (2041 f t / s e c ) ,  qr = = 17,641 N/m2 (368 l b / f t 2 )  
j s i n 2  + 

r i l .  v 
C = -  
IJ q r b x 1  

i =  (.022)(17y641) (.113) = .0705 kg/sec (.0015 s lug /sec)  pe r  u n i t  span j 622.1 

- = 0.0705 x span x 3 blades = .19 kg/sec (.0135 s lug /sec)  = (0.43 l b / s e c )  
j 
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Compressor compression r a t i o  - 

r 

a t  3.05 

+ (k) 
km (10,000 ft), T r  = 268' K 

(1077 f t / s e c ) ,  M r  = ~ 648 - - 0.60 1077 

Y 
P 
W 

= .784 
r 

2 

y-1 Y 1" 
(483 O R ) ,  a = = 328.3 m/sec 

'T . J =  
pT r 

1 - ( . 7 8 4 ) ' 2 8 5 7  
l 2  

, (m) 
+ - 2 8 5 7  

( .784) 

Compressor power - 

- - 

r 
HPcomp 5 50 

= 5.17 

. 
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) f o r  a i r  f t2 (6006 
N -m C = 1004 - 

kg O K  sec2 OR P 

= Tr (1 + M r 2 )  = 268 (1 + .2  x .62) = 287.3 O K  (517.8 O R )  
TT r 

= 100% 
- (.0135) (6006) (517.8) (1.60 - 1) - - - 45.8 f o r  ncomp HPcornp 550 

c 
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CONCLUDING REMARKS 

A f i r s t - o r d e r  h a n d - c a l c u l a t i o n  method f o r  a n a l y z i n g  a c i r c u l a t i o n  c o n t r o l  

(CC) a i r f o i l  i n  a p r o p e l l e r  was developed and used t o  d e f i n e  var ious  CC pro-  

p e l l e r  geometries f o r  de termina t ion  o f  t h e i r  aerodynamic c o m p a t i b i l i t y  w i t h  

t h e  performance c h a r a c t e r i s t i c s  and requirements o f  a s ing le -eng ine  v a r i a b l e -  

p i t c h  p r o p e l l e r  general  a v i a t i o n  a i r p l a n e .  Al though t h e  p r o p e l l e r  geometr ies 

eva lua ted  were no t  op t im ized c o n f i g u r a t i o n s  and were based on o p t i m i s t i c  

low-speed data and incompress ib le  assumptions, i t  i s  b e l i e v e d  t h a t  severa l  

re1  i a b l  e observat ions can be made. 

A CC p r o p e l l e r  o f  t h e  same d iameter  as t h e  b a s i c  a i r p l a n e  p r o p e l l e r  

se lec ted ,  2.13 m ( 7  f t ) ,  r e q u i r e s  more power ( i n c l u d i n g  t h e  power t o  pump t h e  

blown a i r )  than t h a t  a v a i l a b l e  a t  a c r u i s e  speed and a l t i t u d e  o f  82.3 m/sec 

(270 f t / s e c ;  185 mph) and 3.05 km (10,000 f t )  . 

( 6  f t )  d iameter can p r o v i d e  the  r e q u i r e d  c r u i s e  t h r u s t  a t  t h e  engine power 

a v a i l a b l e .  

( 6  f t )  d iameter  CC p r o p e l l e r  p rov ides  a t h r u s t  margin f o r  c l i m b  and a c c e l e r a t i o n  

of the  same order  as t h a t  p rov ided by the  b a s i c  p r o p e l l e r  b u t  w i t h  a supersonic  

A CC p r o p e l l e r  o f  about  1.83m 

A t  low-speed f l i g h t  38.1 m/sec (85 mph) a t  low a l t i t u d e s ,  a 1 .83~1 

w i  11 produce an a p p r e c i a b l e  i ncrease i n  a i  rD1 ane b l o w n - a i r  j e t  

no ise.  

E l i m i n a t  

v e l o c i t y  t h a t  

on o f  the  v a r  a b l e - p i  t c h  mechanism, t h e  reason f o r  c o n s i d e r a t i o n  

CC-propel ler  o p e r a t i o n  a t  c r u i s e  a t  a p r o p e l l e r  

e f f i c i e n c y  lower  than t h a t  o f  t h e  b a s i c  v a r i a b l e - p i  t c h  p r o p e l l e r .  

i s  p r i n c i p a l l y  due t o  t h e  f a c t  t h a t  t h e  b l a d e  angle of  a t t a c k  a t  c r u i s e  speed 

Th is  r e s u l t  

o f  a C C  p r o p e l l e r ,  r e q u i r e s  
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must be l o w e r  than t h e  va lue  f o r  maximum l i f t / d r a g  r a t i o  i n  o r d e r  t o  m a i n t a i n  

t o  acceptable values t h e  increased ang le  of  a t t a c k  t h a t  r e s u l t s  a t  low speeds 

w i t h  a f i x e d  b lade p i t c h .  The r e s u l t a n t  fue l  f low r a t e  a t  c r u i s e ,  t h e r e f o r e ,  

was g r e a t e r  f o r  t h e  C C  p r o p e l l e r  than f o r  t h e  b a s i c  v a r i a b l e - p i t c h  p r o p e l l e r .  

Di f ferences i n  e f f i c i e n c i e s  and weights of  t h e  two o p e r a t i n g  systems w i l l ,  

of  course, a l s o  a f f e c t  the  d i f f e r e n c e  i n  f u e l  consumption. 

The q u a n t i t a t i v e  aerodynamic r e s u l t s  c a l c u l a t e d  i n  t h i s  s tudy  were based 

on var ious  o p t i m i s  t i c  assumptions. 

l i m i t e d  i n f o r m a t i o n  i n d i c a t e s  t h a t  t h e  h i g h  subsonic  speeds i n  t h e  ou tboard  

reg ions  o f  a p r o p e l l e r  w i l l  cause s i g n i f i c a n t  adverse c o m p r e s s i b i l i t y  e f f e c t s  

on t h e  r e l a t i v e l y  t h i c k  15  - percent  chord CC a i r f o i l  analyzed. The da ta  used 

were ob ta ined w i t h  an unchoked j e t  e x i t ,  whereas b l o w i n g  throt igh a choked e x i t  

i n  t h e  ou tboard  p r o p e l l e r  reg ions  has been i n d i c a t e d  t o  be l e s s  e f f e c t i v e .  

b l o w n - a i r  d u c t i n g  system was assumed t o  be l o s s  f r e e  and unconserva t ive  i n -  

compress ib le  r e l a t i o n s h i p s  were used i n  d e t e r m i n a t i o n  o f  t h e  drag  e q u i v a l e n t  

of  t h e  b l o w i n g  power d u r i n g  the  d e f i n i t i o n  o f  p o s s i b l e  p r o p e l l e r  geometr ies.  

Determinat ion  of t h e  compressor c h a r a c t e r i s t i c s  w i t h  more r e a l i s t i c  compress ib le  

r e l a t i o n s h i p s  i n d i c a t e  a r a t h e r  l a r g e  compressor i s  r e q u i r e d  even w i t h  an 

assumed 100 - percent  e f f i c i e n c y ,  

compressor was i n d i c a t e d  as r e q u i r e d  t o  d e l i v e r  about  -19 kg/sec (0.4 l b / s e c )  

o f  b lown a i r  through a pressure r a t i o  of a t  l e a s t  7 .  I t  appears apparent ,  

there fore ,  t h a t  t h e  f e a s i b i l i t y  o f  a p p l i c a t i o n  t o  f i x e d - p i t c h  p r o p e l l e r s  o f  

any o f  t h e  c i r c u l a t i o n - c o n t r o l  a i r f o i l s  f o r  which exper imenta l  data a r e  c u r r e n t l y  

Low-speed aerodynamic da ta  were used, whereas 

The 

A t  c r u i s e ,  an approx imate ly  34 kw (46  horsepower) 

, 
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available i s  marginal a t  best for the class of airplanes investigated (cruise  

a t  a b o u t  300 k m / h r )  and  improbable for  higher-speed airplanes.  

experimentation would be required t o  develop a combination of CC a i r fo i l  

geometry, s l o t  height, and  s l o t  location t h a t  provides the needed range of 

relatively low l i f t  coefficient with reduced blowing power a t  the high 

subsonic-speed condition. 

Additional 
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APPENDIX A 

The momentum theorem can be a p p l i e d  t o  t h e  a i r s t r e a m  sur round ing  t h e  

a i r f o i l  as i n d i c a t e d  by t h e  c o n t r o l  s u r f a c e  ABCD o f  F i g u r e  A. 1. The c o n t r o l  

s u r f a c e  i s  f i x e d  t o  t h e  a i r f o i l  w i t h  planes AD and BC l o c a t e d  s u f f i c i e n t l y  f a r  

upstream and downstream so as t o  occur  where t h e  s t a t i c  pressure i s  equal t o  

ambient. 

t h e  s t ream v e l o c i t y  i n  t h e  x o r  drag d i r e c t i o n  i s  equal t o  V,. 

theory s t a t e s  t h a t  the  r a t e  o f  change o f  momentum through t h e  c o n t r o l  s u r f a c e  

i s  equal t o  t h e  sum o f  t h e  a p p l i e d  e x t e r n a l  f o r c e s .  Steady i r r o t a t i o n a l  f l o w  

The planes AB and CD a re  f a r  enough away f rom t h e  a i r f o i l  so t h a t  

The momentum 

i s  assumed and f o r  the  purpose o f  de termin ing  drag, t h e  e x t e r n a l  f o r c e s  i n  

the  r e l a t i v e  d i r e c t i o n  o f  mot ion ( x )  a r e  considered: 

Wi th c o n t r o l  sur faces  AD + B C  o f  equal  area and t h e  pressure everywhere 

equal t o  P,, the r e s u l t a n t  f o r c e  on the a i r f o i l  i n  t h e  x d i r e c t i o n  i s :  

dA + m .  Vm 
J 

Fx = / V x  (P,  Vn) dA = J P, v, dA - 1 P, Vn 
ABCD AD BC 

From con ti nui  t y  , 

rn + J p, V, dA = J pn vn dA 

Then, Fx = J p, V, 2 d A - J  pn v dA + V, J pn V, dA 

J AD BC 

dA - 'AD p, AD BC BC 

= / pn vn (vm - Vn) dA 
BC 

D i v i d i n g  the i n t e g r a l  i n t o  wake and j e t  c o n t r i b u t i o n s ,  

x wake pw 'w ('m w - v ) dA + m .  (V, - v . )  assuming u n i f o r m  v e l o c i t y  
J J 

d = F  = /  

across t h e  j e t .  

I * 
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Adding a d rag  e q u i v a l e n t  o f  t h e  power requ i red ,  assuming no i n t e r n a l  

losses  i n  t h e  pumping system and 100% compressor e f f i c i e n c y ,  

d = d  + d . + d  
T w J  Pe 

- - --_ (AH)  incompress ib le  f l ow  assumed 
dpe v 02 

00 
H .  = P, + q .  and H, = P 

J J 

m .  v 
- J J  , s ince  c - ___ u 9, s 

m. V, C 

S c 
-~ 

3 
00 

- c  + J  
- dT 

aT 9 ,  W 9, S d  C 

m. v - J j  - 
W 9 ,  S - ‘d C 

drake 
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= C d  + 
rake 

= Cd + 
rake 

C 
1-I 
2 
- 

C 1J 
c) 
i 

C V ( v-) vu3 + - - (  1-1 1) 
.2 vm 

j 

[( I + ( $- I] 

A schematic representation o f  the various parts o f  a C C  a i r fo i l  drag 

coefficient i s  presented in Figure A .  2 .  
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APPENDIX B 

For  compress ib le  a d i a b a t i c  flow, t h e  t o t a l  energy equa t ion  i s :  

T o t a l  energy, E - V 2  
‘p TT 

- C  T + - =  
mass, m P 2 

m C ATT . 
A E  - P = m C ATT where m = - m 

A t  P A t  
Power = - - A t  

m C ATT 
s i n c e  1 HP = 550 f t - l b / s e c  HP = 5gO 

559 

- c;)’ and $ ~($7 f o r  a d i a b a t i c  i s e n t r o p i c  S ince - - ___ 
T 

r TT 
process 

and T = T : j r 

and s i n c e  Pr = P, = P .  f o r  no losses and an unchoked j e t  e x i t :  
J 
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y-1 

Find  (2) : 

r 

v 2  
j T = C  T . t -  

'P T j  P J  2 

"r -- - - 
V -  

J 
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Since P, = '  co = ' j  

y-1 
Y 

t 

' Y  L- 

1 y-l  i sentropic  perfect 
P 

P, 
03 

and 
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ADDENDUM 

A f t e r  complet ion o f  t h i s  r e p o r t ,  supplemental low-speed w ind- tunne l  

r e s u l t s ,  r e c e n t l y  ob ta ined on a cambered c i r c u l a t i o n - c o n t r o l  s u p e r c r i t i c a l  

a i r f o i l ,  was prov ided by t h e  DTNSRDC. 

chord t h i c k  w i t h  a b lowing  s l o t  near a th i ckened  t r a i l i n g  edge as shown i n  

F i g u r e  18, re fe rence 8. The measured drag was reduced by DTNSRDC t o  p r o v i d e  

c h a r a c t e r i s t i c s  e q u i v a l e n t  t o  a 15-percent chord t h i c k  a i r f o i l  f o r  comparison 

w i t h  t h e  15% t h i c k  e l l i p t i c a l  a i r f o i l  p r e v i o u s l y  analyzed. A smal l  Reynolds 

number d i f f e r e n c e  between t h e  p rov ided  da ta  and t h e  p r o p e l l e r  w i l l  have an 

i n s i g n i f i c a n t  e f f e c t  on t h e  p r o p e l l e r  power c a l c u l a t i o n s .  

l i f t - d r a g  r a t i o ,  and j e t  v e l o c i t y  c h a r a c t e r i s t i c s  a r e  presented i n  F igures  

19 t o  22. The t o t a l  drag c o e f f i c i e n t s  a r e  as d e f i n e d  i n  t h e  p rev ious  

a n a l y s i s .  

The a i r f o i l  t e s t e d  was 17-percent 

L i f t ,  drag, 

The CC-superc r i t i ca l  a i r f o i l  da ta  were a p p l i e d  t o  t h e  3-bladed, 6 - f o o t  

diameter p r o p e l l e r  w i t h  t h e  f i n a l  r e s u l t s  presented i n  Table 111. 

s u p e r i o r  aerodynamic e f f i c i e n c y  o f  t h i s  a i r f o i l  w i t h  and w i t h o u t  blowing, 

compared w i t h  the e l l i p t i c a l  CC a i r f o i l ,  p rov ided  an e n t i r e l y  d i f f e r e n t  

r e s u l t .  As i n d i c a t e d  i n  Table 111, c l i m b  and a c c e l e r a t i o n  performance 

exceeding t h a t  o f  t h e  b a s i c  p r o p e l l e r  can be ob ta ined  w i t h o u t  b lowing  a t  

maximum a v a i l a b l e  power a t  t h e  low-speed f l i g h t  c o n d i t i o n  analyzed. 

a cons tan t  blade p i t c h  ang le  and a moderate amount o f  b lowing, c r u i s e  t h r u s t  

a t  t h e  se lec ted  c r u i s e  c o n d i t i o n  can be ob ta ined  a t  engine power l e s s  than 

t h a t  r e q u i r e d  wi th t h e  b a s i c  p r o p e l l e r  (185 HP, from page 19) .  The l a t t e r  

The 

With 
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translates t o  a greater than 7% reduction in fuel usage d u r i n g  cruise ,  excluding 

tha t  due to inefficiencies of the pumping system. 

approximately 2.0 kw (2.6 horsepower), a t  100% efficiency, delivering about 

0.1 kg/sec (0.23 lb/sec) of blown a i r  through a pressure r a t i o  of about 1.24 

i s  required. (See Appendix C ) .  

and acceleration a t  the f l i gh t  condition selected, no adverse noise i s  generated 

a t  this  low-altitude condition as was the case for the e l l i p t i c a l  CC a i r f o i l .  

Although some adverse effect  of compressibility may be expected near 

the t i p  of the propeller, the magnitude of t h i s  effect  with the CC-super- 

c r i t i c a l  sections would appear t o  be minimal from the data of reference 7 

for  an unblown 14-percent chord thick cambered supercri t i ca l  a i r fo i l  very 

similar t o  the CC-supercritical a i r fo i l  analyzed. The drag-rise Mach number 

a t  the l i f t  coefficient used a t  cruise on the propeller a t  75% radius exceeds 

0.78 (Figure 8 b  of reference 7) .  

radius a t  the selected cruise condition i s  0.6. 

number a t  the t i p  i n  cruise is 0.8. 

the high re la t ive  subsonic speeds near the propeller t i p  should be investigated. 

These effects ,  however, a re  not expected to be prohibitive because the blown 

j e t  velocity a t  f reestream,stat ic  pressure i s  subsonic a t  75% propeller radius 

and only s l igh t ly  supersonic a t  the 6 ft-diameter propeller t i p .  

A reasonable compressor of 

Because no blowing i s  required for  climb 

The propeller re la t ive  Mach number a t  75% 

The propeller re la t ive  Mach, 

Possible adverse effects  of blowing a t  

(See Appendix C )  

From the simplified analytical approach used, fixed-pitch high-performance 

supercrit ical-type CC-airfoil propellers appear aerodynamical ly compatible with 
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t he  performance requirements of low-speed g e n e r a l - a v i a t i o n  type a i rp lanes .  

Establ ishment of the o v e r a l l  f e a s i b i l i t y  of f i x e d - p i t c h  CC p r o p e l l e r s  f o r  

low-speed airplanes, however, r e q u i r e s  s t r u c t u r a l  and systems-type analyses. 

It i s  a1 so poss ib le  t h a t  improved performance o f  t he  v a r i a b l  e-p i  t c h  propel  1 e r  

can be obta ined w i t h  h ighe r  performance unblown propel  l e r  sect ions.  
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APPENDIX C 

. 

15-PERCENT CHORD THICK CC-SUPERCRITICAL AIRFOIL 

ON 1.83 m ( 6  FT.)  DIAMETER 3-BLADED PROPELLER 

FUEL CONSUMPTION 

From page 19, Basic prop: 12.83 g a l s / h r  a t  185 HP a t  h = 10,000 f t .  and 
Vm = 270 f t / s ec  

C C  prop: HP req a t  cruise 168.7 

From Figure 13: Fuel required Z 7 1  lb/hr 1 11.83 gals/hr 
about 7.8% reduction 

COMPRESSOR CAPACITY 
V a t  c = .0053, j - 1.4 (Figure 22) .., 1-I 
'r 

'00 
= 197.5 m/sec (648 f t / sec)  - - -  

'r s in  @ 

v = 276.5 m/sec (907 f t /sec)  

qr 

j 

= 17643 N/m2 (368.5 l b / f t 2 )  
s, - - 

sin2 @ 

lil. v 
=Jj 

v q r b x l  C 

m = (17643) (*113) = .0382 kg/sec per u n i t  span of 1 m 
276.5 = .0008 slug/sec per u n i t  span of 1 f t  j 

m = .0382 x span A 3 blades = ,105 kg/sec (.0072 slug/sec) 
= .231 lb/sec j 
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COMPRESSOR C O M P R E S S I O N  R A T I O  

From page 22,  

Mr = 0.6 

P 
- Tj 
pT r 

COMPRESSOR POWER 

From page 22 ,  

3.5 

= 1.244 

From page 23, 

TTr = Tr ( 1  + Y2-' M ' ) = 287.3' K (517.8' R )  r 
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c 

16,013 ( 3,600) Gross weight,  N ( l b )  . . . . . . . . . . . . . . . . .  
Wing 

Area, m2 ( f t ' )  . . . . . . . . . . . . . . . . . . .  16.8 (181.0) 

Wing loading,  N/m2 ( l b / f t 2 )  . . . . . . . . . . . .  952 (19.9) 

Span w i t h o u t  wing1 e t s  . m ( f t )  . . . . . . . . . . .  10.21 (33.50) 

Span w i t h  w ing le ts  (geometr ic) ,  m ( f t )  . . . . . . .  11.74 (35.05) 

. . . . .  Aspect r a t i o  w i t h o u t  w ing le ts  (geometr ic)  6.20 

Taper r a t i o  . . . . . . . . . . . . . . . . . . . .  0.50 

A i r f o i l  sec t i on :  r o o t  . . . . . . . . . . . . . .  .NACA 23016.5 (mod i f i ed )  

t i p  . . . . . . . . . . . . . . .  NACA 23012 (mod i f i ed )  

Root chord, m ( i n . )  . . . . . . . . . . . . . . . .  2.13 (84.0) 

T i p  chord, m ( i n . )  . . . . . . . . . . . . . . . . .  1.07 (42.0) 

T w i s t  (washout), deg . . . . . . . . . . . . . . . .  3 .O 

Dihedral ,  deg . . . . . . . . . . . . . . . . . . . .  6 .O 

Inc idence a t  roo t ,  deg . . . . . . . . . . . . . . .  4 .O 

Sweep a t  h a l f  chord, deg . . . . . . . . . . . . . .  0 

Wing le t  

Length, m ( i n . ) .  . . . . . . . . . . . . . . . . . .  
Root chord, m ( i n . )  . . . . . . . . . . . . . . . .  
T i p  chord, m ( i n . )  . . . . . . . . . . . . . . . . .  

2 2  Area, m ( f t )  . . . . . . . . . . . . . . . . . . .  
Aspect r a t i o  . . . . . . . . . . . . . . . . . . . .  

0.91 (36.0) 

0.71 (28.0) 

0.36 (14.0) 

0.49 (5.25) 

1.71 

TABLE I: GEOMETRY OF BASIC AIRPLANE AND \dIFIGLETS 
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. . . . . . . . . . . . . . . . . . . .  Taper r a t i o  0.5 

Sweep a t  q u a r t e r  chord, deg 30.0 . . . . . . . . . . . .  . 
Twis t ,  deg . . . . . . . . . . . . . . . . . . . .  0 

Inc idence a t  r o o t ,  deg . . . . . . . . . . . . . .  -2  .o 
. . . . . . . . . . . . . . . . . .  Cant angle, deg 15.0 

A i  r f o i  1 s e c t i o n  . . . . . . . . . . . . . . . . .  LS( 1) -0413 

Thickness r a t i o ,  perc  o f  chord  . . . . . . . . . .  13 .O 

Powerpl a n t  

Manufacturer  . . . . . . . . . . .  Tel edyne Con t inen ta l  Motors, Corp. 

Model . . . . . . . . . . . . . . . . . . . . . . .  IO-520-BA 

Take-o f f  and maximum cont inuous power, kW (hp)  . . 213 (285)  

Rpm . . . . . . . . . . . . . . . . . . . . . . . .  2700 

Propel l e r  

Manu f a c  t u  r e r  . . . . . . . . . . . . . . . . . . .  McCaul ey 

Number o f  Blades 3 

Hub type 3A32C76 

. . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . .  

Blade t ype  . . . . . . . . . . . . . . . . . . . .  82NB-2 

TABLE I: GEOKETRY OF B A S I C  AIRPLANE AND WINGLETS (conc l  ' d )  
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FIGURE 1. - AIRFOIL GEOFlETRIES 

A l l  Dimensions i n  Inches ( 1  i n c h  = 2.54 cm) 
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Winglet on Winglet off  

Dimensions I n  Meters 

FIGURE 9. THREE V I E W  OF SELECTED AIRPLANE 5 1  
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FIGURE 17.  - V A R I A T I O N  OF SELECTED AIRPLANE PROPELLER POWER 
C O E F F I C I E N T  AND THRUST COEFFICIENT WITH PROPELLER EFFIC IENCY 
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